In an ongoing trial of aerosol IFN-␥ in conjunction with standard drug therapy, we have observed activation of IFN signaling in bronchoalveolar lavage (BAL) cells from tuberculosis (TB) patients. We hypothesized that aerosol IFN-␥ treatment of pulmonary TB would increase expression of genes important for the control of TB. We investigated the expression of downstream genes by measuring inducible nitric oxide synthase (iNOS) and the chemokine IFN-inducible 10-kDa protein (IP-10) by real-time quantitative reverse transcription-PCR. In vitro, M. tuberculosis induced IP-10, and IFN-␥ stimulated this further, with no effect on iNOS expression. We studied 21 patients with pulmonary TB and 7 healthy subjects. Similar to the in vitro model, IP-10 mRNA was increased in BAL cells from TB patients and was augmented after treatment with aerosolized IFN-␥. TB was also associated with elevated iNOS mRNA, but aerosolized IFN-␥ did not further enhance expression. Genomic analysis identified 1,300 of 4,058 genes expressed in BAL cells from six TB patients before and after 1 month of therapy, including aerosolized IFN-␥. However, only 15 genes were differentially regulated by IFN-␥. We conclude that iNOS and IP-10 mRNA expression is increased in TB but that aerosol IFN-␥ treatment increases expression of few genes in the human lung.
Gamma interferon (IFN-␥) is the key cytokine in the Thelper type 1 immune response required for adequate control of Mycobacterium tuberculosis infection in the lung (25, 53) . Murine models of mycobacterial infection confirmed the importance of IFN-␥, its receptor, signaling molecules, and downstream genes, such as that for inducible nitric oxide synthase (iNOS), using transgenic mice (12, 13, 26, 32, 33, 36) . In the murine system, IFN-␥ strongly induces iNOS gene transcription, mRNA expression, and enzymatic activity (6, 15) . Additionally, in vivo administration of iNOS inhibitors to M. tuberculosis-infected mice increases bacterial burden and early mortality (5) . With the advent of microarray technology it is possible to document global regulation of mRNA levels after IFN-␥ treatment. Ehrt and colleagues analyzed in vitro gene expression in murine macrophages and found that IFN-␥ and/or M. tuberculosis altered expression of 25% of the approximately 10,000 genes assayed. M. tuberculosis infection affected many of the same genes as did IFN-␥ or synergized with IFN-␥ by altering more genes (20) .
In humans, an inherited deficiency of the IFN-␥ receptor and polymorphisms of the IFN-␥ promoter confer susceptibility to mycobacterial infection (17, 51) , but further links to the role of IFN-␥ induction of iNOS in human tuberculosis (TB) are less clear. There are conflicting studies describing induction of iNOS in TB infection in vitro (1, 14, 16, 19, 39, 42, 50, 54, 59) . In vivo, there is a growing consensus that iNOS is up-regulated in TB. Other investigators have described an increase in iNOS protein levels and catalytic activity in alveolar macrophages (AM) and granulomas from TB patients (8, 21, 41) . IFN-␥ also induces the chemokine inducible 10-kDa protein (IP-10) and has been found in murine and human lungs infected with M. tuberculosis (49, 52) . IP-10 recruits T cells to sites of inflammation and may play a role in generation and function of effector T cells (18, 27, 34, 45) .
We have observed an increased number of lymphocytes in the bronchoalveolar lavage (BAL) of subjects with minimally active TB disease compared to extensive cavitary disease, and these cells produce larger amounts of IFN-␥ (10) . BAL cells from immunocompromised human immunodeficiency virus (HIV)-positive patients with TB produce less IFN-␥ than those from immunologically competent patients with TB (35) . This led us to the hypothesis that delivering IFN-␥ by aerosol to pulmonary TB patients would lead to a successful outcome by induction of IFN-␥-inducible genes. We have found that pa-tients with multiple-drug-resistant TB who had failed secondline treatment to whom IFN-␥ is delivered via aerosol have improved clinical, radiological, and mycobacteriologic outcomes (11) . In addition, we have detected that aerosol IFN-␥ induces the transcription factors STAT-1 and IRF-1 in BAL cells from TB patients (9) .
To better define the role of IFN-␥ in human TB, we investigated the effect of IFN-␥ on BAL cells in vivo and on macrophage models in vitro. We observed an increase in IP-10 mRNA expression in TB and the synergistic effect IFN-␥ had on IP-10 expression both in vitro and in vivo. There is a different pattern of regulation of iNOS mRNA. TB patients have elevated iNOS expression, but IFN-␥ does not further induce message levels. These data confirm the importance of iNOS in human TB but suggest differences in immune regulation between the mouse model of infection and human disease.
MATERIALS AND METHODS
Subjects. Twenty-eight subjects were recruited: 21 TB patients and 7 healthy controls (Table 1) . For all TB patients, M. tuberculosis was confirmed by sputum culture; 3 had isoniazid-resistant M. tuberculosis. The average age (Ϯ standard error of the mean [SEM]) was 40 Ϯ 3 years; 2 were Caucasian, 11 were Black, 10 were Asian, 5 were Hispanic, and the majority were male. Three of the TB patients were HIV-1 positive, and two of them received IFN-␥ treatment. Three of the 7 healthy controls and 7 of the 21 TB patients were current smokers. All subjects signed informed consent approved by the NYU Institutional Review Board.
BAL. BAL was performed using a flexible bronchoscope with xylocaine anesthesia, as described previously (48) . BAL was performed on TB patients during the first week of antituberculous treatment. Samples were obtained from the radiographically involved and uninvolved (if available) segments of the lung. Ten TB patients were treated with aerosolized IFN-␥ at a dose of 500 g of recombinant IFN-␥ (InterMune, Burlingame, Calif.) mixed with 3 ml of normal saline via nebulizer three times a week for 4 weeks in addition to their antituberculous medications. For these subjects, another BAL was then performed within 2 hours of the last aerosol treatment. One subject with active TB had one bronchoscopy before the institution of TB medications, and again after 4 weeks of conventional treatment only, as a control for the IFN-␥-treated patients. The BAL fluid was processed as previously described (48) , and cell RNA extraction was begun immediately after acquisition.
Bacterial strains and cell culture. M. tuberculosis strain TN913, a clinical isolate obtained from the Public Health Research Institute TB Center, was grown as previously described (47) . THP-1 cells were treated with 20 nM 12-Otetradecanoylphorbol 13-acetate (PMA) (Sigma, St. Louis, Mo.) for 24 h, prior to infection with mycobacteria at a multiplicity of infection (MOI) of approximately 3 as previously described (47) . After 3 days of infection the cells were harvested or treated with 1 ng of IFN-␥/ml for 2 to 24 h and then harvested for RNA.
Real-time quantitative RT-PCR. Total RNA from BAL cells was reverse transcribed using oligo-d(T), and first-strand PCR was performed following the manufacturer's instructions for the SuperScript preamplification system (Life Technologies, Carlsbad, Calif.). PCR was carried out with 20% of the cDNA using oligonucleotide primers based on published cDNA sequences (GenBank, National Center for Biotechnology Information [NCBI]). Gene expression was normalized against expression of the human housekeeping gene for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). We used a real-time quantitative reverse transcription (RT)-PCR assay with molecular beacons (57) . Sequences for primer and molecular beacons used to detect gene expression are as follows: iNOS forward primer, 5Ј TGGCAGCATCAGAGGGGACC 3Ј; reverse primer, 5Ј GCAGGACA GGGGACCACATCGAA 3Ј; molecular beacon, 5Ј-(FAM) CCGACGCGTGGAAGCCCAAGT ACGCGTCG (DABCYL)-3Ј; IP-10 forward primer, 5Ј GAGCCTCAGCAGAGGAACC 3Ј; reverse primer, 5Ј GAGT CAGAA AGATAAGGCAGC 3Ј; molecular beacon, 5Ј-(FAM) CCGACG GTCTCAGCACCATGAATCA AACGTCGG (DABCYL)-3Ј; and GAPDH forward primer, 5Ј GACCCTCACTGCTGGGGAGT 3Ј; reverse primer, 5ЈACTGTGA GGAGGGGAGATTC 3Ј; molecular beacon, 5Ј-(TET) GGACGCGGTGGGGGACTGAGTGTG GCGT CC (DABCYL)-3Ј.
Nuclear run-on transcription rate assays. Nuclear run-on experiments were also done as previously described (46) . Probes for iNOS, IP-10, the plasmid pGEM as a negative control, and the housekeeping gene for GAPDH were included.
RNA labeling and hybridization for cDNA filters. Six patients, five of whom received IFN-␥, had serial bronchoscopy and had RNA prepared for hybridization to high-density cDNA arrays according to the manufacturer's instructions (GF211; Research Genetics, Carlsbad, Calif.). These nylon arrays contain 4,058 named human genes. The gel images resulting from the phosphorimager were directly imported into the image analysis software Pathways 3 (Research Genetics). The software locates, calculates, and stores each of the cDNA spot intensities from each gel file. The data were normalized by Cluster to a median intensity of 1 for each filter. TreeView was then used to illustrate the relatedness of the patterns of gene expression determined by the clustering algorithms. We empirically defined the threshold value by comparing the results of four independent experiments on THP-1 macrophages infected with a clinical strain of M. tuberculosis for 3 days. For all genes that produced intensity values between 0.4 and 10, the standard deviation of these replicates was below 30% of the mean, indicating excellent reproducibility within these levels of gene expression. In BAL cells, 1,300 genes had mRNA expression within this range.
Data normalization. The purpose of normalization was to remove variation due to differences in sample preparation, array production, or processing of the array. Raw data from each array scan were divided by the median expression level of this scan and log (base 2) transformed. In the microarray experiments in which both the involved and uninvolved lung tissue samples were available, the samples from involved lung tissue were additionally normalized against the control samples (from uninvolved lung tissue) for each patient by dividing the expression for each gene in the involved sample by the expression of the same gene in the uninvolved sample from the lung of the same patient. Prior to normalization, the data were explored numerically and graphically using the statistical software packages S-plus and MATLAB, and such preprocessing methods as thresholding and filtering were applied, when necessary, if the data contained negative values, zero, or unusually large values (outliers).
Statistical methods. The microarray data were examined using various clustering and discrimination methods to identify genes that were differentially expressed with each condition. Analyses of differences in gene expression by the GeneFilter assay between pre-IFN-␥ BAL and post-IFN-␥ BAL were performed, using the significance analysis of microarrays (SAM) procedure proposed by Tusher et al. (56) . SAM assigns a score to each gene on the basis of its change in gene expression relative to the standard deviation of repeated measurements for that gene. Genes whose absolute score is larger than some threshold are called significant. A permutation procedure is used to estimate the false discovery rate (FDR) of the resulting rule for each threshold value, and the FDR can help determine the best choice of threshold. The FDR is defined as the expected proportion of false discoveries among the tests (i.e., genes) that are declared significant (2, 55) . The FDR approach incorporated into the SAM procedure is a method of controlling for multiple comparison which offers a sensible balance between the number of true findings and the number of false positives while avoiding a flood of false-positive results. It also provides a measure of statistical significance for each individual gene, called the q value, which, unlike the P value, takes into account the fact that thousands of genes are simultaneously being tested.
Descriptive statistics, including means, SEM, and percentages, were used to summarize the demographic variables of the study subjects, BAL cell differentials, and gene expression data.
RESULTS

IP-10 and iNOS mRNA expression and transcription in vitro following M. tuberculosis infection or IFN-␥.
To characterize the regulation of IP-10 and iNOS expression in human macrophages, we used the THP-1 cell line, differentiated to macrophages. Previous investigations have demonstrated that THP-1 macrophages are an accurate model of the interferon response in AM (28, 29, 58) . iNOS mRNA levels in THP-1 macrophages were unaffected by either IFN-␥ or infection with M. tuberculosis (Fig. 1, left panel) , while iNOS levels were reduced significantly in cells treated with both IFN-␥ and M. tuberculosis (P Յ 0.05). Similar results were observed from ex vivo stimulations of human AM (data not shown). In contrast, IP-10 expression was increased 80-fold by M. tuberculosis infection (P Յ 0.03) or IFN-␥ treatment compared to that for untreated cells (P Յ 0.03) (Fig. 1, right panel) . The combination of both M. tuberculosis and IFN-␥ led to synergistic 1,000-fold induction of IP-10 mRNA levels compared to those for untreated cells (P Յ 0.01).
To determine if changes in RNA expression were due to transcriptional regulation, transcription rates of iNOS and IP-10 genes were measured by nuclear run-on in THP-1 macrophages stimulated with either IFN-␥, M. tuberculosis, or both. Figure 2A Figure 2B summarizes the data from six separate nuclear run-on experiments. Again, iNOS gene transcription was not induced by any of the conditions, yet IP-10 gene transcription was induced in THP-1 macrophages with M. tuberculosis infection (P ϭ 0.01), IFN-␥ stimulation (P Յ 0.04), and the combination of both (P Յ 0.02) compared to that in untreated cells. Therefore, these data suggest that alterations in mRNA are due to changes in gene transcription.
M. tuberculosis but not IFN-␥ increased iNOS mRNA expression in vivo. We next investigated the mechanism underlying the beneficial effect of aerosolized IFN-␥ seen in the treatment of pulmonary TB (11) . For 21 TB patients, BAL was performed in the radiographically involved lung at the time of diagnosis, and for 10 patients, BAL was performed again after 1 month of treatment with conventional antituberculous medications and 500 g of IFN-␥. In addition, BAL was performed for seven healthy control subjects. The BAL from the involved lobe of all TB patients contained fewer macrophages (61% Ϯ 6% versus 89% Ϯ 4%; P ϭ 0.01) and more lymphocytes (21% Ϯ 5% versus 4% Ϯ 1%; P ϭ 0.03) than BAL from healthy subjects ( Table 1 ). There were no significant changes in BAL cell differentials after 1 month of aerosolized IFN-␥ and antituberculous treatment.
To determine iNOS gene expression in BAL cells during TB, iNOS mRNA was measured by real-time quantitative RT-PCR (Fig. 3, left panel) . iNOS expression was significantly higher in the BAL cells of TB patients than in those of healthy subjects (P ϭ 0.01) and did not change after 1 month of treatment with aerosolized IFN-␥ plus anti-TB medications. Correction for cell populations did not alter the results. Measurements of BAL fluid nitrite levels by Griess reagent were below the limits of detection (3 M) for all subjects (data not shown).
IP-10 mRNA expression was evaluated to establish a biological effect of aerosolized IFN-␥. IP-10 expression, normalized to GAPDH, was increased threefold in BAL cells from TB patients compared to that in normal BAL cells (P ϭ 0.03) (Fig.  3, right IP-10 expression another fourfold in TB patients (P ϭ 0.01). As a control, one pulmonary TB patient who received only anti-TB medications and had a second BAL had no change in either iNOS or IP-10 expression after 1 month of conventional therapy (data not shown).
Genomic assessment of genes regulated by IFN-␥ in vivo.
In order to identify other genes regulated by aerosolized IFN-␥ treatment, mRNA from the BAL cells of five TB patients obtained from the radiographically involved and uninvolved segments of the lung before and after 1 month of treatment with aerosolized IFN-␥ and antituberculous medications was hybridized to high-density cDNA arrays.
We compared genomics to quantitative PCR for IP-10 PCR (y axis) and cDNA array (x axis) exhibited a strong association (r 2 ϭ 0.53; P Ͻ 0.001), although the sensitivity of the cDNA decreased at a relative expression of 0.4, supporting our threshold value calculated for gene detection. Using this cutoff, 1,300 out of 4,058 genes (32%) were expressed in BAL cells. Microarray data were then analyzed by SAM to calculate the FDR, which is the expected proportion of false discoveries among the genes that are declared significant. We chose an FDR value of less than or equal to 70% because of the greater number of IFN-inducible genes differentially expressed at this FDR value when comparing BAL gene expression patterns before and after IFN-␥ treatment. Yet a high FDR means the gene has a greater likelihood of being false positive. To further censor our results, we decided to look at those genes that changed by more than twofold after IFN-␥ treatment.
Only six genes in BAL cells were significantly up-regulated by IFN-␥, with an FDR of Յ70% and a post-IFN-␥ treatment/ pre-IFN-␥ treatment ratio of Ͼ2 ( Table 2 ). As expected, the IP-10 gene was included in this group in addition to the gene for the inflammatory chemokine MCP-1. As shown earlier in Fig. 4A , the BAL cells from the lobes of a patient who received only conventional TB treatment failed to show an increase in IP-10 expression after 1 month of therapy. Nine genes were down-regulated, with an FDR of Յ70% and a ratio of less than 0.5 (Table 3) .
To test if this small number of regulated genes was due to insensitivity of the cDNA arrays, we assayed the effect of IFN-␥ and M. tuberculosis infection on THP-1 macrophages. The number of genes significantly regulated (FDR of Յ70%) in THP-1 cells and in patients is shown in Fig. 5 . Only a few genes were regulated by IFN-␥ alone. In contrast, TB infection regulated many more genes in THP-1 cells. We also examined the gene expression patterns from the BAL of three of the healthy volunteers and compared their values to those of the TB patients at diagnosis. Again, TB infection affected the regulation of many genes, while treatment with aerosolized IFN-␥ did not affect as many, just as in THP-1 cells. These data confirm that the high-density cDNA arrays are able to detect changes of a large number of genes after stimulation, as evidenced by M. tuberculosis infection, and also suggest that IFN-␥ treatment has little influence on gene expression.
DISCUSSION
In this study, we investigated the effects of aerosolized IFN-␥ in patients with pulmonary TB. In support of the importance of iNOS in human TB, we found that iNOS mRNA was increased during M. tuberculosis infection in vivo. This result fits well with pathological investigations that demonstrate an increase in iNOS protein and nitrosilation products in human TB granulomas (8, 21) . Unlike the case with the mouse model (15, 24, 38) , IFN-␥ treatment did not increase iNOS mRNA levels in cell culture or in the lungs of patients. Furthermore, we found that M. tuberculosis infection did not increase iNOS gene transcription or mRNA expression in vitro. The discrepancies between the in vivo observation, the in vitro model, and the mouse model suggest interspecies differences in iNOS regulation.
The regulation of iNOS in human cells has been controversial. Multiple investigations have shown that iNOS was not induced in human macrophages in vitro by IFN-␥, M. tuberculosis infection, or stimulation with bacterial products (1, 39, 54) . The human mononuclear cell line U937 transfected with iNOS cDNA could produce high levels of iNOS RNA, protein, and enzyme activity but required supplemental tetrahydrobiopterin, an essential cofactor (3). However, two studies using human peritoneal macrophages were unable to induce NO iai.asm.org production despite supplemental tetrahydrobiopterin (54, 59) . We used the human mononuclear cell line THP-1 for our in vitro studies. Primed THP-1 cells are known to produce NO upon stimulation with silica or lipopolysaccharide (7). Rich et al. showed that human AM are capable of producing NO, but this did not affect the intracellular growth of M. tuberculosis (50) . A potential problem with these studies is that many of them measure NO production with the colorimetric Griess assay, which has been shown to be insensitive (31) . This could explain why we were unable to detect NO in BAL fluid. It has been shown that the addition of activated lymphocytes and IFN-␥ to M. tuberculosis-infected human macrophages can increase iNOS expression and mycobacterial killing and induce a T-helper type 1 immune response, suggesting that models of cellular immunity can up-regulate iNOS (4). In addition, the inflammatory zone of tuberculous granulomas and the nongranulomatous pneumonitis zone are areas in the human lung where macrophages, lymphocytes, and multinucleated giant cells reside, and iNOS and nitrotyrosine can be detected by immunohistochemistry (8) . These cells also stain positive for the eNOS isoform, indicating that other isoforms of NOS can be transcriptionally regulated, while our molecular beacon assay was specific for iNOS; eNOS expression was not increased by IFN-␥ using the genomics assay. Finally, TB granulomas that stained positive for iNOS also expressed IFN-␥ but not interleukin 4 (21) . The results from these in vivo studies implied to us that cellular immunity was essential for iNOS activity and supported the finding of elevated iNOS expression in TB BAL in our study as well as others (41) . Our observation that IFN-␥ treatment did not further induce iNOS in the setting of TB may be explained by an already maximized cellular immune response late in the disease process. Expression of IFN-regulated genes, such as that for IP-10, is increased in TB and are further augmented by aerosolized IFN-␥. This revealed that IFN-␥ reached the alveolus and had a significant effect on resident cells. Previous reports demonstrated that aerosolized IFN-␥ increases IP-10 expression in BAL cells of normal volunteers (30) . An increase in IP-10 was not observed in the samples from a TB patient who received only antituberculous medications, suggesting that the increase in IP-10 in the experimental patients was due to IFN-␥. Unlike iNOS, IP-10 regulation is similar in murine and human systems (22, 37, 40, 43) . In vitro induction of IP-10 mRNA and transcription after infection by M. tuberculosis suggested that it was part of the innate immune response. IP-10 expression is seen early following infection with a variety of pathogens (Taxoplasma gondii, M. tuberculosis, Mycobacterium leprae, viral hepatitis, and HIV) and lipopolysaccharide, recruits activated lymphocytes to sites of inflammation, and may play a role in generation and function of effector T cells by promoting antigen-specific proliferation and IFN-␥ secretion (18, 27, 34, 40) . Taken together, IP-10 plays an important role in the innate immune response and bridges to the adaptive cellular response.
By using cDNA filter arrays, we confirmed that this assay was able to measure IFN-␥-induced IP-10 mRNA expression. Surprisingly, very few other genes were altered in the BAL of TB patients following aerosolized IFN-␥ and antituberculous (Fig. 5 ). This suggests that IFN-␥ treatment has little influence on gene expression and does not account for the success of aerosol IFN-␥ treatment. We have shown that IFN-␥ signaling pathways are up-regulated in BAL after aerosol treatment (9) . Both IP-10 and MCP-1 were elevated. This may be sufficient to account for the clinical response. An increase in IP-10 also has been demonstrated in mice, in addition to other chemokines and iNOS. However, a considerably higher number of genes were regulated by IFN-␥ in mice than we observed in humans (20) . This is not surprising, since both inbred mice and cell lines do not harbor the genetic diversity found in a heterogeneous population. Other possible explanations for the smaller number of IFN-regulated genes observed in this clinical study include the following: the IFN-␥ system is highly activated in TB and therefore difficult to further stimulate; differences in IFN-␥ signaling between humans and mice, as has been observed with other interferons (23, 44) ; differences in IFN-␥ concentration, routes of administration, and time after last dose; and human genetic diversity obscuring all but the most pronounced effects of IFN-␥.
Another possibility for the small number of genes affected by IFN-␥ is that the cDNA arrays yielded variable results. We directly tested reproducibility in this system and found that only genes with very low levels of expression were not precisely measured. In addition, we compared the expression profile from the same lung segment before and after therapy, and most patients demonstrated remarkable stability (data not shown). Finally, comparison of quantitative PCR with GeneFilter assays produced excellent correlation between these two assays. It was therefore unlikely that the small number of regulated genes was due to variability or instability in the genomic assay used in these experiments.
In summary, IP-10 was induced significantly after aerosol IFN-␥ treatment. IP-10 is one of the few genes that is consistently up-regulated more than twofold by IFN-␥ in vivo. IP-10 may recruit more immune effector cells to the site of infection and could be the reason for the favorable clinical effect seen with aerosol IFN-␥. There are a number of other genes upregulated and down-regulated that may account for the beneficial effect, but the magnitude of the increase is small and the biological effect is unclear. The data presented, however, clearly demonstrate significant differences between humans and mice in the response of iNOS to IFN-␥ both in vitro and in vivo. In addition, we observed far fewer genes regulated by IFN-␥ in human TB than would be expected from experiments with mice. These results emphasize the need to validate the conclusions derived from mouse models with humans with disease.
